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Herein, sorption of *’Cs onto modified activated carbon (MAC) was carried out implying
kinetics and equilibrium studies. The sorption results obeyed a pseudo-1*-order kinetic
and were applied to different isotherm models. According to the correlation coefficients,
R?, the Langmuir, Freundlich, and Frumkin isotherm models successfully described the
obtained data rather than Temkin isotherm. Based on the R? the equilibrium data
followed the sequence Langmuir>Freundlich>Frumkin>Temkin isotherm. The negative
values of Gibbs free energy revealed that the removal process was feasible and
spontaneous. The negative values of enthalpy clarified that the process is an exothermic
one, suggesting that retention of '¥’Cs decreased with raising reaction temperatures. The
values of AH << 25 kJ/mol indicating that the adsorption process of cesium *’Cs ions onto
MAC is a physical adsorption process while the positive entropy values demonstrated an
increase in randomness among the solid-liquid phase during adsorption. Finally, the
sorption results revealed that the MAC is a suitable material for the capture of 1¥’Cs from
low-level radioactive waste.

1. INTRODUCTION

Undoubtedly, the cesium-137 radionuclide is one of the
important  fission products occurring in significant
amounts (ca. 5.9% yield from one month 233U fission at 1
MW power level) in rad wastes [1]. Besides, its high
radio-toxicity and its long half-life (32y) possess a serious
threat to human beings if aqueous reprocessed wastes of
U-fission are released into our ecosystem [2]. The
treatment of such radioactive wastes was done as an
important aspect of recent research. Reprocessing of spent
fuel primarily consists of the removal of Cs-137, followed
by volume reduction & finally caramel before the ultimate
disposal of wastes [3]. '3’Cs radiotoxic fission yield in
radioactive waste and thus the removal of these waste ions
is very important.

This subject attracted many researchers on different
materials [4]. Cesium enters into the human body easily
causing several diseases such as thyroid cancer via
possible radiation in living tissues. There are many
techniques for '3’Cs retention from rad waste such as
evaporation, solvent extraction, co-deposition, membrane
filtration, ion exchange, & adsorption [5].

Therefore, the phase-out process is insufficient in the
presence of a large number of chemicals and high energy
consumption. The calculation of associated costs and
disposal problems of 13’Cs ion units and their
management are considered to be major deficiencies in
these processes [6]. Particularly, the application of solvent
extraction on an industrial scale is restricted by high costs
[7]. The rate of performance of inorganic ion exchangers
generally outweighs organic ion exchange and this is due
to their thermal stability and ionic quality [8,9].

In the past few years, many ion exchanges have been
developed to remove radioactive cesium which implied
zeolite, metallic hexacyanoferrate ion exchange resin,
and various mixed properties [10]. The cost of
developing the cesium removal process deterministically
remains from the economic point of view. Moreover,
natural clay minerals (zeolite, bentonite, and
montmorillonite) and additives developed from waste
materials (high kiln foams and fly ash) are used as cost-
effective agents to remove '¥’Cs ions. However, the
presence of monoclonal cations, especially sodium and
potassium, seriously weakens the process of 3’Cs as a
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result of their competitive interaction [11]. A few years
ago some experiments were carried out to remove 3’Cs
using activated carbon, but the obtained results didn’t
reach the requested level, e.g, Caccin et al. studied the
activated carbon capacity of the coconut shell as an
adsorbent for Cs* species but it was very weak adsorbent
(<1 mg g") [12]. Arifi et al. utilized an Almond shell for
extracting the activated carbon as an adsorbent for
cesium ions but its capacity was 12.63 mg.g! [13].
Vanderheyden et al. investigated the treatment of
radioactive cesium from radioactive wastewater by
activated carbon and the removal rate was found to be
28% of cesium (capacity was 8.5 ug g') of rad waste
[14]. Recently, many studies focused on the use of
alternative low-cost materials (precursors) like activated
carbon from agricultural wastes and wood [15].
Corchorus Olitorius stalks (activated carbon AC) are a
renewable and abundant resource in different
geographical world regions. AC powder is a towardly
adsorbent with a microporous structure and a greater
surface area. The porous and heterogeneous structure of
AC can be improved via an activation process which has
a crucial impact on the adsorption performance. On the
other side, to remove '3’Cs ions the modified activated
carbon is still under extensive study.

The objective of the current investigation is carrying
out the fabrication, characterization, and analytical
applications of activated carbon. Besides, the
performance of the '3’Cs is investigated using MAC
under different experimental conditions involving
contact time, pH, initial concentration, and temperature.
In addition, adsorption isotherm models as well as
thermodynamic and kinetic parameters are evaluated and
discussed.

2. EXPERIMENTAL
2.1. Materials:

All the reagents utilized in this work are of analytical
grade and obtained from BDH, England. Radiotracer
137Cs is purchased from the Institute of Radioisotopes
Ltd and used. First 1000 mg L' of the cesium ion
solution are prepared as a stock solution from which the
desired concentrations of Cs* ions solution were diluted
to carry out the experiments.

2.2. Preparation of new Activated Carbon ( AC):

Activated carbon is developed through successive
steps to collect Corchorus olitorius stalks [16] from the
farms located in the village of Al-Sahafa- Mashtoul Al-
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Souk-Center — Al-Sharkia Governorate. The stalks are
leaved to dry in the sun a week and then cut into small
pieces of 0.5 to 2 cm. After that 35 g dried sample in (50
vol.%) Hs;PO, for 48 h is dipped. The dough is filtered
and transported to the stainless-steel reactor (diameter 4
cm and 60 cm long) with 1 c¢cm tight ports on both sides
and then, it is thermally treated at 500 °C for 2 h.
Activated carbon with hot tap water is washed to remove
additional acidity and to achieve the pH of the washing
solution pH = 6.0. [16].

2.2.3. Fabrication of the modified activated carbon
(MAC):

The chemically activated carbon is developed by
dipping a known weight in nitric acid solution and
hydrogen peroxide [16]. MAC oxidation is performed
using 10 g of AC to boil in 200 ml of 5 M HNO3 for 3 h.
The AC sample is continuously washed with distilled
water to remove the additional acidity to obtain the
washing solution with pH 6 [16].

Another treatment is also immersing the same sample
in 100 ml of 30% H»O, solution by weight at room
temperature for 24 h. Then filter and dry the filtrate in
the oven for 24 h at 120 °C.  Yield% = 27.71% and
burn-off = 72.28%, stored in a glass container. The
output% MAC and% burn-off can be obtained using the
following equations:

Yi ld(O/)—MACxloo 1
eld (%) = —= (1]
Burn —of f (%) = %X 100 12]

Where MAC is the modified activated carbon mass(g)
& AC is the original carbonaceous sample mass(g). The
modified activated carbon preparation was done several
times from which the yield is the average value of all the
effective experiments.

2.4. Kinetic studies:

The kinetic experiments are performed by agitating
6 mL of 37Cs with mixed initial concentration, Co
(100 mg L"), each bottle (25 mL) containing 30 mg of
MAC, and with the approved radiation component.
The bottles are well closed and then shacked until the
equilibrium is achieved. The mixture is separated by a
centrifuge until the solution is completely free from
the suspended MAC particles. Radioactive samples
are measured by taking 1.0 mL of fluid solution and
analyzing it radiantly.
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2.5. Sorption isotherms:

Batch sorption of '*’Cs is done at 25+2 °C to obtain
isotherms. A series of 25 ml test tubes are used, each test
tube is filled with 6 ml of '3’Cs at different concentrations
(100-500 mg/L) and a known amount of MAC (30 mg) is
added into each test tube and agitated for various periods.
The adsorbed amount, ge (mg/g) is calculated by:

\'
Ge = (Co = Ca)— 3]

where Co, Ce, V & m are the initial & equilibrium
concentrations of Cs ions (mg/L), the volume of
solutions (1), respectively, and m is the weight of MAC
sorbent used (g), respectively.

3. RESULTS AND DISCUSSION

The adsorption behavior of cesium radionuclides is
inspected using the batch sorption technique. The
adsorption process is analyzed by applying various
isotherm & kinetic models to experimental data.

3.2. Sorption experiments:

3.2.1. Impact of pH:

This study elucidates the influence of pH on the
adsorption of cesium ions from liquid solutions using the
developed MAC, whose experiments are performed in the
pH range (1.0-12.0) at the ratio of V/m 200 mLg!. As
depicted in Fig. 1, the higher amount adsorbed for 3’Cs
ions was achieved in alkali conditions which increases
significantly as the pH of the solution increases (with a
maximum amount adsorbed of 18 mg/g) at pH 12.0 as
compared to acidic conditions. The optimal pH of the
solution is then selected at 12.0 for all the experiments.

It is assumed that H* occupies the active sites of the
modified activated carbon MAC in the acidic case. For
this reason, '37Cs ions must encounter a disallowed force
at concentrated H* ions during the sorption process. So,
when the adsorbent surface is in alkaline conditions, the
electrostatic interaction among the adsorbent surface and
137Cs ions will increase. Hence,'*’Cs adsorption is
enhanced at high pH [17]. Consequently, the negative
charge on the sorbent surface in the alkaline medium
increases the adsorption of 3’Cs ions. Thus, it can be
inferred that high pH alters the chemistry of the
adsorbents surface, especially the invariant COOH in
MAC into COO [17]. The predominant mechanism of
cation behavior can be interpreted in the light of the
cation exchange between '*’Cs and low acidic functional
groups on the MAC surface. As a consequence, the
cation exchange among a metal ion Mn* (Cs*) & H* in

MAC in a dilute aqueous solution, can be represented as
follows:

nH +M2" <M +nH_ [4]

In enough diluted solution, the activity coefficient may
be neglected, the equilibrium constant for such reactions
is given by:

m _ W]
K = ] 3l
where [Mn*] & [H*] are the concentrations of both
metal & hydrogen ions in the solid adsorbent,

respectively while [H*] and [M*] characterize their
concentrations in solution.

3.2.2. Kinetic studies
3.2.2.1. Pseudo-1st-order model:

The pseudo-1%t-order model can be evaluated [18] as
follows:

log(qe — ) =log(a.) — (5555) ¢ 161

2.303

where ge & q: (mg/g) are the amounts of metal ion
sorbed onto MAC at equilibrium and at time t,
respectively while k; is the pseudo-1%-order rate constant
(min™") which can be estimated from the slope and
intercept of the linear plot of log(qe — qi) vs. t, as
illustrated in Figure 2.

The calculated values of ki, @e, & correlation
coefficients (R?) of each plot are given in Table 1. Straight
lines obtained from the pseudo-1-order plots suggest the
applicability of this model to fit the experimental data
over the initial stage of the sorption process (5-120 min).
As depicted in Table 1, the (calculated) qe values agree
well with ge (experimental). So, the sorption of Cs* ions
onto MAC surface is a pseudo-1% -order reaction [19].
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Fig. (1): Effect of pH on sorption of 1¥’Cs by MAC
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Fig. (2): Pseudo first-order plot for the adsorption of
137Cs by MAC

3.2.2.2. pseudo-2nd-order model:

The linearized integral form of the pseudo-2"d-order
equation obeys the following Equation [20]:

t 1 1
= + =t 7
ac ka2 e 7l

Where ks represents the rate constant of the pseudo-2m-
order equation (g/mg.min). Plotting t/qt against t for Cs*
ions sorption at different temperatures are exhibited in
Figure 3.

As cited in Table 1, the values of the initial sorption rate
(h) & k. raise as the temperature increases. The R?
extremely approach to unity, and its calculated ¢e
disagrees with ge (practical). Hence, the calculated
pseudo-2"-order model cannot be applicable for the
sorption of Cs* ions onto MAC surface. These data prove
that the pseudo-1%-order sorption mechanism is
predominant and that the overall rate constant of each
sorption process appears to be controlled by the
physisorption [21].

‘ Pseudo second-order

T T T T
o 50 100 150 200 250 300

Time min.

Fig. (3): Pseudo second-order plot for the adsorption of
137Cs by MAC
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3.2.3. Sorption isotherms:

The sorption of Cs* ions onto MAC surface is
described via isotherms. The initial rapid sorption slowly
approaches the equilibrium at higher concentrations.
Several common sorption isotherm models implying
Langmuir, Freundlich, Temkin, & Frumkin isotherm
models are applied to fit the obtained isotherm results.

3.2.3.1. Langmuir’s isotherm:

The Langmuir model assumes that the surface is
homogeneous revealing that the adsorption sites have
equal sorbate affinity. Also, the adsorption at one site
does not affect sorption at the adjacent sites. The
formation of monolayer coverage of the adsorbate at the
outer surface of the adsorbent is well explained by this
model which accounts for the surface coverage by
balancing the rate of adsorption and rate of desorption
relatively under equilibrium conditions. This model
states that the adsorption rate is proportional to the
fraction of the open adsorbent surface while desorption
rate is proportional to the fraction of the covered
adsorbent surface that [22,23]. The linearized relation of
the Langmuir equation is given by [24]:

s 18]

de dmax bqmax Ce

Where gmax & b are a single-layer capacity (mg/g), &
Langmuir’s constant which is associated with adsorptive
energy (L mg™), respectively. The linear plots of 1/Ce
against 1/qe reveal that the sorption of Cs* ions obeys
the Langmuir sorption model. A straight line is obtained
with a high correlation coefficient confirming that
Langmuir isotherm is applicable for sorption of Cs* ions
onto MAC surface. From the slope and intercept, one
can determine the values of sorption equilibrium
constant, b, and the monolayer capacity, Q. The features
of the Langmuir isotherm can be interpreted by a
dimensionless constant, R., which is known as the
Langmuir separation factor which is estimated by:

1
RL =
1+bC,

9]

Where R_ values elucidate the adsorption to be
unfavorable when R >1, linear when R = 1, favorable
when 0<R,<1, and irreversible when R = 0.

This implies that the adsorption of Cs* ions onto MAC
surface is a favorable process due to Ry values obtained
at all initial concentrations are within the range 0 — 1
which suggests the applicability of this modified carbon
MAC adsorbent for Cs* ions removal [25].
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Table (1): Calculated Kkinetic parameters for pseudo first-order and second-order models for

the adsorption of 137Cs

Pseudo-first-order

Pseudo-second-order

parameter parameter
ki, Qe calc- k> Qecalc. (ﬂ?é?pg)
(min-') (mg/g) R’ (mg g™ min™") (mg/g) R’
0.026 16.21 0.98 19.23 0.99 16.23

Table (2): Isotherm parameters for 37Cs adsorption by MAC

Langmuir constants

Freundlish constants

Qmax b(l—/m) Kt (mg/g) 5
(mg/g) R R? n R
28.57 0.1235 0.071 0.996 2.02 143 (990

Temkin constants Frumkin constants
Kt bT K a
(L/mol) (KJ/mol) R’ (dm*/mg) (mg/g) R?
0.692 0.179 0.892 4.94 0.0156 0.91

0.6

Langmuir

0.5+

0.2 4

0.1+

0.0 T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2

1/Ce

Fig. (4): Langmuir isotherm plot for the adsorption of 37Cs
onto MAC

3.2.3.2. Freundlich

The Freundlich adsorption isotherm model refers to the
extent of heterogeneity of the adsorbent surface. The
adsorptive sites are made up of small heterogeneous
adsorption sites each of which is homogeneous [26].
The Freundlich equation may be written as:

log(qe) = log(ks) + ~1og (Cc) [10]

Where Ki & 1/n are constants of the sorption tendency
& sorptive capacity, respectively. Ks value reveals the
sorption capacity of adsorbent materials, i.e. the greater
the Ks value the higher the sorption capacity [27]. The

Plot of log ge vs. log Ce, gives a straight line confirming
Freundlich sorption isotherm model, as shown in Figure
5. This means that the theory of multiple layers of
adsorptive and adsorbent saturation was responsible for
the best suitability provided by the Freundlich model.
The applicability of the Freundlich isothermal model to
the present data is similar to the sorption studies of '*’Cs
ions onto the MAC surface. 1/n & Ky are determined
from the slope & intercept, respectively as cited in Table
2. Since Freundlish's constant n values are higher than
unity (indicating the heterogeneity of the MAC surface),
it is expected to be a favorable multi-layer adsorption
using modified AC [28].

Frundlish

Log ge

0.8

0.6

0.4

0.2

T
0.0 0.5 1.0 1.5 2.0

Log Ce

Fig. (5): Freundlich isotherm plot for the adsorption of
137Cs onto MAC
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3.2.3.3. Temkin isotherm

Temkin isotherm is the early model describing the
adsorption of hydrogen onto platinum electrodes within
acidic solutions. The isotherm [29] implies a factor that
explicitly ~takes into account adsorbent-adsorbate
interactions. By ignoring the extremely low and large
values of concentrations, the model assumes that the heat of
adsorption (function of temperature) of all molecules in the
layer would decrease linearly rather than logarithmic with
coverage [30]. According to Temkin equation, its
derivation is characterized by a uniform distribution of
binding energies (up to some maximum binding energy)
which predicts the gas phase equilibrium (when the
organization in a tightly packed structure with identical
orientation is not necessary), conversely, complex
adsorption systems including the liquid-phase adsorption
isotherms are usually not appropriate to be represented [31].
Temkin model is given by [32]:

Ge =4 Ln(kr) +3-Ln(C.) 1]

Where: R, T, kr, & by represent the gas constant (8.314
J.mol'.K™"), the absolute temperature (K), the equilibrium
binding constant corresponding to the maximum binding
energy (L.g"), & the Temkin constant related to the heat of
sorption (KJ.mol™"), respectively. The kr & br are obtained
from the slope & intercept of a plot of g against LnC. as
clarified in Figure 6 and listed in Table 2, respectively. The
adsorption data of cesium ions onto the MAC surface
revealed physical adsorption because Temkin isotherm
constant b was found to be 0.179 KJ mol", and this is
enhanced by the results of Freundlich modeling. Moreover,
R? was found to be 0.892 revealing that the data may also
obey the adsorption process.

25

Temkin -
20
—_
o 154
~
(@] u
e
)
o 10 H

0 T T T T T T T T
-0.5 0.0 0.5 1.0 1.5 2.0 25 3.0 3.5 4.0

InCg

Fig. (6): Temkin isotherm plot for the adsorption of
137Cs onto MAC
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3.2.3.4. Frumkin isotherm

The Frumkin isotherm assumes the homogeneous
surface of the adsorbent which used a constant term
‘a’ standing for the interaction of adsorbate molecules
with the adsorbed layer. The positive value of ‘a’
indicated that during adsorption the energy increased
due to the lateral interaction of the adsorbate molecule
with the adsorbent surface. The negative value of ‘a’
pointed out that the repulsive force was operated
between the incoming adsorbate molecules and
the molecules settled on the surface of the adsorbent
[33]. The linear form of Frumkin isotherm [34] is
given by:

log (1(_2—28) X cle =log(k) + 2a X Q, [12]

Where K & a are the adsorption-desorption constant
and the coefficient of reaction, respectively can be
positive or negative. The +Ve value reveals that the
adsorption energy increases as the lateral attraction
among the adsorbed molecules raises while
the -Ve value elucidates that there is a lateral
repulsive force among the molecules in the adsorbed
layer.

The plot of log( )><Ci vsQ,, is a linear

Qe

1-Qe
relationship as seen in Fig. 3(d). The values of
(K)&(a) for adsorption of 3’Cs ions onto MAC are
evaluated from the intercept and slope, respectively as
depicted in Fig. 7 and Table 2, and has a +Ve value of
(a= 0.0156 mg/g). The values of K is equal to 4.94
dm3/mg for 3’Cs while the +Ve value of a is
0.0156 mg/g.

The results of '37Cs ions sorption equilibrium by
different isotherm models are reported in Fig.3 (a-d).
R? values are cited in Table 2. An assessment of
correlation coefficients of the regarded isotherm
models clarified that all the isotherms's models under
the study described the data reliably rather than
Temkin isotherm model at the considered
concentrations.

Based on the R? values, the equilibrium data obey
the sequence: Langmuir >Freundlich >Frumkin>
Temkin isotherm.
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2.0

109(Qe/1-Qe)1/Ce

Qe(mg/g)

Fig. (7): Frumkin isotherm plot for the adsorption of
137Cs onto COS-M.

3.2.4. Thermodynamic studies:

As depicted in Fig. 8, the removal % of '*’Cs was
plotted against the temperature. The retention % was
found to be significantly impacted by temperature
change and the marginal minimizes the removal % of
137Cs ions as the temperature raises conducing the heat
disturbance by which the movement of *’Cs ions
increases and the extension steps commence [35].

The values of enthalpy and entropy changes(AH &
AS), respectively are estimated from the slope and the
intercept of the linear plot of In(Ky) vs. 1/T, as elucidated
in Fig. 9 and cited in Table (3).

I3
N

Sorption efficiency, %

d a3 3 F @ o8 =

1 1 1 1 1 1 1
| ]

~
N
1

T T T T T
290 300 310 320 330 340 350

Temp.K

Fig. (8) Effect of temperature on the adsorption
efficiency plot for the adsorption of 3’Cs by
COS-M.
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1T K1
Fig. (9): Van’t Hoff plot for the adsorption of '¥’Cs by
COS-M.

Table (3): Thermodynamic parameters for the adsorption
of 137Cs on MAC

Temp., R4 AH AS AG
(K) 70 (KJ/mol)  (Imol/K) (KJ/mol)
298 81.08 -2.019
308 79.98 -2.056
318 76.79  -0.910 3.72 -2.093
328 76.31 -2.130
338 74.17 -2.168

—-AH AS
Ln(Kd) = ? + F [13]

Where Kq (ml g™') is the distribution coefficient of the
137Cs sorption process. The values of Gibbs free energy
change, AG, can be evaluated as follows:

AG = AH — TAS [14]

The negative AG values enhance the feasibility and
spontaneous nature of '3’Cs sorption onto MAC surface.
As the temperature increases, the degree of spontaneity
decreases. Positive AS values reflect an increased degree
of randomness in the solid/liquid surface during the
adsorption process of cesium. The thermal expelling
nature of Cs* adsorption onto the modified activated
carbon was determined by the negative AH values
differentiating among the chemical and physical
adsorption. The values of AH << 25 kJ mol™ reveal that
the adsorption process of cesium '¥’Cs ions onto MAC
surface is a physisorption process [36].

3.3. Comparison of adsorption capacity

The adsorption capacity of cesium ions onto MAC-
adsorbent was found to be a better adsorbent than the
other adsorbent materials as depicted in Table 4.

Arab J. Nucl. Sci. Appl., Vol. 56, 5, (2023)
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Table (4): Comparison of ¥’Cs adsorption by MAC with the different activated Carbon based adsorbents

Material Qmax(Mg/Q) Reference
Walnut shell 4.94 [7]
coconut shell activated carbon 0.76 [12]
Almond shells 12.63 [13]
Pine cone 5.75 [37]
Coal and chitosan 3.00 [38]
Chabazite and activated carbon mix 8.19 [39]
Oxidized multiwall carbon nanotube 12.75 [40]
Bamboo charcoal 0.17 [41]
Graphene oxides 1.46x1073 [42]
Titanate nanobelt membranes 0.48 [43]
COS-M 28.57 Present work

CONCLUSIONS

In the current study, we prepared MAC as a low-cost
promising material for the removal of '3Cs from
radioactive waste. Besides, the obtained data revealed
that the overall rate constant of each sorption process
that obeyed the pseudo-1%-order is predominant and
controlled by the physisorption process. The isothermal
adsorption data obey the Langmuir isothermal model.
The maximum capacity was found to be 28.57mg.g.
The AG values which are negative enhancing the
feasibility and spontaneous nature of '3’Cs sorption onto
MAC surface. Inspection of the investigated MAC was
found to be a higher efficient for removing cesium ions
than the other adsorbents in previous studies.
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